The single-particle density of states and the tunneling conductance are studied for a two-dimensional BCS-like Hamiltonian with a d x 2 −y 2 -gap and phase fluctuations. The latter are treated by a classical Monte Carlo simulation of an XY model. Comparison of our results with recent scanning tunneling spectra of Bi-based high-T c cuprates supports the idea that the pseudogap behavior observed in these experiments can be understood as arising from phase fluctuations of a d x 2 −y 2 pairing gap whose amplitude forms on an energy scale set by T M F c well above the actual superconducting transition.
Intensive research has focused on the pseudogap regime which is observed in the high-T c cuprates below a characteristic temperature that is higher than the transition temperature T c . It occurs in a number of different experiments as a suppression of low-frequency spectral weight [1] [2] [3] [4] [5] [6] . This striking pseudogap behavior initiated a variety of proposals as to its origin [7] [8] [9] [10] [11] , since the answer to this question may be a key ingredient for the understanding of high-T c superconductivity. At present, there is no agreement as to which of these proposals is correct. In part, this may reflect the possibility that there are different pseudogap phenomena as well as a range of materials requiring different theoretical descriptions. In part, this is because of the difficulty in determining the consequences of the various theoretical proposals.
Here, we focus on the pseudogap phenomena observed in scanning tunneling spectroscopy measurements [4, 12] on Bi 2 Sr 2 CaCu 2 O 8+δ (Bi2212) and Bi 2 Sr 2 CuO 6+δ (Bi2201) and explore the notion that the pseudogap observed in these experiments arises from phase fluctuations of the gap [7] [8] [9] . In this scenario, below a mean-field temperature scale T Φ iδ = ϕ i for δ nearest neighbor in the positive x-direction ϕ i + π for δ in the positive y-direction,
and by a spatially constant amplitude ∆. One could, of course, add a next-nearest-neighbor hopping t ′ and a chemical potential term, which, however, for simplicity, we have set equal to zero. We will assume that, below a mean field temperature T For the temperature range of interest, the dominant fluctuations of the phase ϕ i are determined by an effective classical XY free energy,
In principle, the coupling energy E 1 and its temperature dependence should be determined by the electron dynamics and the many-body interactions of the microscopic system. Here, however, we will proceed phenomenologically, neglecting the temperature dependence of E 1 and simply use it to set the Kosterlitz-Thouless transition temperature T KT equal to some fraction of T
M F c
. Specifically, for the present calculations we will set
The calculation of the density of states for an L × L periodic lattice now proceeds as follows [15] . A set of phases {ϕ i } is generated by a Monte Carlo importance sampling procedure, in which the probability of a given configuration is proportional to exp(−F [ϕ i ]/T ) with F given by Eq. (4). With {ϕ i } given, the Hamiltonian of Eq. (1) is diagonalized and the single particle density of states N(ω, T, {ϕ i }) is calculated. Further Monte-Carlo {ϕ i } configurations are generated and an average density of states N(ω, T ) = N(ω, T, {ϕ i }) at a given temperature is determined. In practice, the computationally intensive part of the calculation is the diagonalization step. Here we have studied a 32 × 32 lattice, and for each temperature generated 25, 000 independent Monte Carlo {ϕ i } configurations, diagonalized H for each of these configurations, and computed N(ω, T, {ϕ i }) . In these calculations, we have set ∆ = 1.0t corresponding to T M F c ≃ 0.5t and selected E 1 so that T KT = 0.1t [16] .
We have used a line broadening of η = 0. , the presence of a finite gap amplitude gives rise to a pseudogap whose size is set by ∆. Then, as T approaches T KT and the XY phase correlation length rapidly increases, coherence peaks evolve, the separation of which is determined by 2∆. An important point is that the scale in temperature over which this evolution occurs, is set by some fraction of T KT which means that it appears suddenly on a scale set by T
.
An effective correlation length ξ(T ), extracted by fitting an exponential form to the correlation function
is plotted versus T in Fig. 2 for our 32 × 32 lattice. The rapid onset of ξ(T ) as T KT is approached is clearly seen. It is this sudden increase of ξ(T ) that is responsible for the appearance of the coherence peaks as T approaches T KT . This effect is further enhanced by the 2D to 3D crossover that occurs in the actual materials.
In order to compare these results for N(ω, T ) with scanning tunneling spectra dI/dV , we have calculated dI(V, T )/dV using the standard quasi-particle expression for the tunneling current,
Here, f (ω) = (exp(ω/T ) + 1) −1 is the usual Fermi factor. Results for dI(V, T )/dV are displayed in Fig. 3 . The effect of the Fermi factors is to provide a thermal smoothing of the quasi-particle density of states over a region of order 2T . This becomes significant at the higher temperatures and the prominent pseudogap dependence of N(ω, T ) seen in Fig. 1 is smoothed out in dI/dV . In Fig. 4 , dI/dV results are shown as solid curves for T = 0.75T KT (Fig. 4a) , T = T KT (Fig. 4b) and T = 2T KT (Fig. 4c) . The dashed curve is for T = T 
